We report on the characterization of the DNA primase complex of the hyperthermophilic archaeon Pyrococcus abyssi (Pab). The Pab DNA primase complex is composed of the proteins Pabp41 and Pabp46, which show sequence similarities to the p49 and p58 subunits, respectively, of the eukaryotic polymerase α-primase complex. Both subunits were expressed, purified, and characterized. The Pabp41 subunit alone had no RNA synthesis activity but could synthesize long (up to 3 kb) DNA strands. Addition of the Pabp46 subunit increased the rate of DNA synthesis but decreased the length of the DNA fragments synthesized and conferred RNA synthesis capability. Moreover, in our experimental conditions, Pab DNA primase had comparable affinities for ribonucleotides and deoxyribonucleotides, and its activity was dependent on the presence of Mg2+ and Mn2+. Interestingly, Pab DNA primase also displayed DNA polymerase, gap-filling, and strand-displacement activities. Genetic analyses undertaken in Haloferax volcanii suggested that the eukaryotic-type heterodimeric primase is essential for survival in archaeal cells. Our results are in favor of a multifunctional archaeal primase involved in priming and repair.
The heterodimeric primase from the Euryarchaea Pyrococcus abyssi: a multifunctional enzyme for initiation and repair ? 
Introduction
Archaea constitute the third domain of life 1 and appear to be a mosaic of bacterial, eukaryotic and unique features. Study of this domain is therefore of high value for understanding the evolution of cellular processes and in particular the mechanisms of DNA replication. In all organisms, DNA replication is a crucial process for cell survival and evolution, involving dozens of proteins and enzymes to ensure the accurate and timely duplication of genetic information. Moreover, many archaea grow in the most extreme environments on Earth. It is, thus, of considerable biological as well as biotechnological interest to determine how the replication machinery has adapted to diverse environmental conditions (for instance extreme temperature, pH or salt conditions) and how these different conditions have affected the structural, functional and biochemical properties of these proteins. Sequence analyses of archaeal genomes show that most archaeal replication factors are similar to their eukaryotic counterparts. 2 The archaeal replication machinery appears to be a simplified model of the eukaryotic replisome, with fewer polypeptides and simpler composition of DNA replication complexes. Archaea can thus provide a useful model to elucidate essential conserved aspects of replication.
Most of our knowledge about archaeal DNA replication is linked to factors implicated in archaeal primase can synthesize RNA and DNA, it has been suggested that archaeal primase could have both primer synthesis and elongation functions. However, the P. abyssi DNA polymerase D could also be implicated in the elongation function because it can elongate RNA primers. 19 The dual potentiality of the archaeal primase is not restricted to Euryarchaea;
Sulfolobus solfataricus DNA primase synthesizes RNA and DNA strands up to 1 and 7 kb, respectively. 16 However, the S. solfataricus primase has been shown to display a significantly higher affinity for ribo-than for deoxyribonucleotides; therefore, it was assumed to be more likely to use NTPs, 16 considering the respective intracellular dNTP and NTP concentrations. 20 Interestingly, sequence and structure similarities have been observed between DNA primases and the family X DNA polymerases, arguing for similar catalytic mechanisms. 12, 21, 22 To date, five members of the pol X family have been described in mammalian cells: Pol , Pol , Pol , Pol  and terminal deoxynucleotidyl transferase. These enzymes play various roles in DNA replication, repair and recombination processes. 23 In light of the absence of a functional DNA pol X in most archaeal species, it is tempting to speculate that archaeal primase could also be involved in DNA repair. This hypothesis is reinforced by the fact that S.
solfataricus DNA primase displays a terminal nucleotidyl transferase activity 16, 24 like that of human Pol and Pol  25, 26 We report in this study the biochemical characterization of the P. abyssi DNA primase and show that the heterodimeric complex is necessary for archaeal survival. The enzyme can synthesize in vitro both RNA and DNA fragments up to 150 and 3000 bases, respectively.
Moreover, we demonstrate that the small subunit alone, or in complex with the large subunit, displays DNA polymerase, gap-filling and strand displacement activities. We propose that in addition to a role in DNA priming, archaeal primases could have an additional role in DNA repair.
Results

Purification of the P. abyssi DNA primase subunits
Analysis of the P. abyssi complete genome sequence (available at http://www-archbac.upsud.fr/genomes/newpab/newpab.html) revealed the presence of two genes coding for putative homologues of the two subunits of the eukaryotic type DNA primase (Pab2235 and Pab2236). The arrangement of the primase subunits on the genome is similar to that reported in P. furiosus. 14 Their predicted products are proteins of 393 and 345 amino acids, respectively, with theoretical molecular masses of 46 and 41 kDa, respectively. These two proteins respectively show 75% and 83% identity with the large and small subunits of
Pyrococcus horikoshii DNA primase. 15 The two proteins were expressed independently in HMS174 (DE3) E. coli strains. Pabp41 protein, carrying a hexa-histidine tag on the amino terminal region, and the untagged Pabp46 protein were obtained in the soluble fraction after IPTG induction. Mass spectroscopy analysis of the purified proteins ( Figure 1 ) confirmed their identities (data not shown). The primase subunits were also co-expressed in E. coli and this complex displayed the same properties as p41 and p46 mixed at one to one molar ratio.
P. abyssi DNA primase subunits interact in crude cell extracts
To detect the two DNA primase subunits in P. abyssi cell extracts, polyclonal antibodies raised against the recombinant proteins were used to perform immunoprecipitation experiments. As shown in Figure 2 DNA synthesis capability of the P. abyssi DNA primase
Because the homologous P. furiosus DNA primase was shown to preferentially use dNTPs, 14, 17 we first analyzed the DNA synthesis capability of the P. abyssi DNA primase. As shown in Figure 3 , the primase activity depended on the presence of divalent cations. Under our conditions, extensive dNTP incorporation was detected with 5-10 mM MgCl 2 and also with 1 mM MnCl 2 ( Figure 3(a) ). We also analyzed the DNA synthesis capability of the large and small subunits alone, as compared to the complex, under optimal conditions fixed previously (500 nM of protein, incubation at 60°C during 30 min with 5mM MgCl 2 ). As expected, no incorporation was detected with the large Pabp46 subunit alone , but Pabp41 exhibited a low but significant dNTP incorporation activity (results not shown). To confirm these results and estimate the length of the synthesized fragments, the same experiments were performed using  32 PdATP, instead of  3 HdTTP, and the products were resolved on alkaline 1% agarose gels. Product analysis showed that Pabp46 alone did not have DNA synthesis activity (Figure 3 (Figure 3(a) ). RNA synthesis of the small and the large subunit alone, compared to the complex, was analyzed in the presence of MnCl 2 . Neither Pabp46 nor Pabp41 displayed any NTP incorporation activity (results not shown). However, the addition of Pabp46 to the small catalytic subunit conferred the ability to incorporate NTPs but the activity was about twenty times lower that with dNTPs ( Figure 3(a) ).
To confirm these results and analyze the length of the synthesized RNA fragments, product analysis assays were performed using  32 PATP instead of  3 HUTP, and the products were resolved on denaturing 15% polyacrylamide gels.
As shown in Figure 3 
Kinetic experiments
To determine the affinity of the primase for both NTPs and dNTPs, kinetic experiments were performed. Because the primase displayed different metal ion dependence, these experiments were conducted in the presence of both magnesium and manganese. We first ascertained that adding Mg 2+ and Mn 2+ simultaneously in the incubation mixtures did not inhibit dNTP or NTP incorporation. As shown in Figure 4( ) and with dNTPs (in the presence of Mg 2+ ), the enzyme exhibited Michaelis-Menten kinetics (Figure 4 (b), Table 2 ).
However, with both Mg 2+ and Mn
2+
, dNTP incorporation showed double-Michaelis behavior, indicating two classes of active sites (Figure 4 (c), Table 2 ). Because fitting kinetic data to the double-Michaelis is extremely inaccurate, 30 the data from the double reciprocal plot were fitted to a two-phase linear equation to obtain a rough estimate of the kinetic parameters. In summary, affinity constants were in the same range for NTP and dNTP incorporation, and two types of active sites can be visualized for dNTP incorporation in the presence of both Mg 2+ and Mn 2+ ( Table 2) .
Primer-elongation activity of P. abyssi DNA primase
Our results showed that P. abyssi DNA primase displays an in vitro capability to incorporate ribonucleoside triphosphate and deoxyribonucleoside triphosphate. Therefore, the primer elongation activity of P. abyssi DNA primase (Pabp41-p46) and the Pabp41 subunit was analyzed in the presence of fluorescein-5'-end-labeled DNA or RNA primers hybridized to a short single-stranded DNA template of 87 bases. As shown in Figure 5 In addition, the experiments were also repeated on a single-stranded circular M13mp18 template hybridized to the primers described in Figure 6 We also analyzed the effect of a downstream 3'-end, biotinylated DNA primer that cannot be elongated but only displaced. Under this condition, the upstream primer was elongated to the same extent as that achieved without a downstream primer, showing that the entire 30-base primer was displaced after completion of the gap (data not shown). Therefore, our results
show that P. abyssi DNA primase can fill gaps from 1 to 25 nts and displace DNA or RNA primers up to 50-mer. Subsequently, the trpA marker was removed by a new pop-in/pop-out, as described earlier in the Materials and Methods section, to make the deletion mutant strain CN21. The effective loss of the sequence containing the dnaG gene was confirmed by PCR, as shown in Figure   7 (C) and (D). Strain CN21 did not present any obvious growth defect under laboratory conditions. Subsequently and using the same procedure, we tried to delete from the strains H53 and CN21 (dnaG) the priS or priL genes that encode the two subunits of the eukaryoticlike primase. After the pop-out, only a few CFU (in each case less than 10 over 1013 cells) presented the expected 5FOA R Trp + phenotype corresponding theoretically to the deletion event. These colonies were tested for the absence of the gene of interest and presented the same negative result (Figure 7 (C) and (D)). For each, the plasmid was still integrated into the chromosome, and the 5FOA R was most certainly the result of a mutation in the pyrE2 gene. This outcome indicates a 10 -6 spontaneous mutation rate in this system. These results suggest that in H. volcanii, genes coding for each subunit of the eukaryotic-like primase (priS and priL) are essential, although the dnaG gene is dispensable for cell growth.
In Haloferax volcanii, dnaG is not essential, contrary to the eukaryotic-like primase
Thus, priS and priL might code for the actual replicative primase and DnaG may play only a dispensable role, if any, during DNA replication processes.
Discussion
Archaea, with their circular chromosomes, the organization of their genes into operons, and their lack of introns and a nucleus, appear very similar to Bacteria. However, analysis of archaeal genomes has revealed that their DNA replication machinery is more similar to that of eukaryotes. Interestingly, both bacterial (DnaG-like) and eukaryotic-like DNA primase genes have been identified in archaeal genomes. A detailed characterization of the DnaG-like protein has not been yet performed. In S. solfataricus, the DnaG-like protein was found to be associated with the exosome-like complex, suggesting its involvement in RNA metabolism in this species. 33 In contrast, the eukaryotic-like DNA primase was investigated in several archaeal species [13] [14] [15] [16] [17] 24 and was shown to interact with RPA in P. furiosus, arguing for its involvement in the archaeal replisomes. 17 Nevertheless, the in vivo role of both putative primases has not been determined. We show in this paper that, in contrast to the DnaG-like protein, the presence of both subunits of the eukaryotic-like DNA primase is essential for archaeal cell survival. Because the primase activity is essential for cell division, our results
show that the eukaryotic-like DNA primase subunits are likely implicated in the crucial initiation process of DNA replication.
We have analyzed the biochemical properties of the P. abyssi DNA primase. The P.
abyssi small subunit alone had no RNA synthesis activity but could synthesize long DNA strands (up to 3 kb). The addition of the p46 subunit drastically changed the enzymatic activity, increasing the rate of DNA synthesis while decreasing the length of the DNA fragments and conferring RNA synthesis capability, as already observed in P. furiosus. This work confirms that the euryarchaeal primase small subunit contains the catalytic core and that the large subunit modulates its activity like its eukaryotic counterpart.
it is tempting to speculate that archaeal primases could fulfill both primer synthesis and extension functions. In accordance with this idea, our results show that the P. abyssi DNA primase displays DNA polymerase activity, with the ability to elongate RNA or DNA primers. However, the polymerase activity of the archaeal primase could possibly be involved in processes other than priming. Indeed, the sequence and structure similarities of this enzyme with the family of X DNA polymerases 21, 22 suggest that archaeal DNA primase could play a role in DNA repair. In agreement with this hypothesis, we have shown, for the first time, that P. abyssi DNA primase displays gap-filling and strand-displacement activities, as do Pol  and . 23, 34 Therefore, the primase could fulfill the role of the DNA pol X, a family that has until now not been detected in Pyrococcus.
The multiple capabilities of the archaeal DNA primase leads to an important question:
What is the nature of the primer synthesized in archaea? To address this question, we have analyzed the affinity of the P. abyssi DNA primase for ribo-and deoxyribonucleotides. In our experimental conditions, the Km value for ribonucleotides was 27 M, which is identical to that described for S. solfataricus DNA primase 16 and also in the range observed for the eukaryotic (8 to 175 M) and bacterial (30 to 50 M) primases. 3, 35 Nevertheless, in contrast to S. solfataricus DNA primase, we found that the Km value for the P. abyssi homolog is quite similar for ribo-and deoxyribonucleotides. Thus, in vivo, the DNA primase substrate choice must depend on the intracellular concentration of NTPs and dNTPs.
Unfortunately, however, information about archaeal intracellular NTP and dNTP pools is not available. In mammalian cells, the average concentrations are approximately 0.3-3.1 mM
NTPs and 5-37 M dNTPs. 20 In such a context, the P. abyssi DNA primase would probably preferentially use ribonucleotides and synthesize an RNA primer. This suggestion is in accordance with the discovery in P. abyssi of RNA-primed replication intermediates similar to those observed in eukaryotic Okazaki fragments. 18 However, it does not exclude that archaeal primase could synthesize pre-Okazaki fragments composed of RNA-DNA primers, as does the eukaryotic pol -primase complex. In that case, modifications of DNA primase behavior must occur when the defined length of an RNA primer is obtained and could explain the switch from ribonucleotides to deoxyribonucleotides. Such a hybrid primer would be extended afterward by replicative DNA polymerases.
It is also possible, however, that the elongation function could be achieved by the DNA polymerase D, which also can elongate RNA primers. 19 In the latter case, a competition could occur between the primase and DNA polymerase D for the 3'-end of the RNA primer.
Therefore, the role of other replication factors in the switch between the two enzymes requires further study. The implication of RF-C (replication factor C) could be particularly important because this factor influences primer synthesis and has been implicated in the switch between the pol  primase complex and replicative DNA polymerases in humans. 36, 37 Moreover, an interaction between RF-C and DNA primase in S. solfataricus has been recently described.
This interaction modulates the activities of both enzymes and may be involved in the regulation of primer synthesis and the transfer of primers to DNA polymerase. 38 Because Okazaki fragments in P. abyssi were at about 120 bases with a short (around 10 nucleotides) RNA primer, 18 
Materials and methods
Chemicals and enzymes
Cloning of Pab2235 and Pab2236
The primase genes were amplified from P. abyssi genomic DNA by PCR, using Pfu or Taq To form the p41-p46 complex, Pabp41 and Pabp46 were mixed at one to one molar ratio before use.
Immunoprecipitation experiments
Whole-cell extracts (WCE) from P. abyssi GE5 39 were made from approximately 2100 cells/ml according to the methods described in. 40 The 
Nucleic acid substrates
Oligonucleotides were synthesized and purified by Eurogentec. The 5'-end fluorescein-labeled primers were purchased from Eurogentec for the DNA upstream primer (U-DNA p) or 
Product analysis
The reaction was performed as described above except that 0.3 Ci of [ 32 and the DNA products on denaturing alkaline 1% (w/v) agarose gels. Visualization of products was performed after scanning the gels with a phosphorimager. RNA ladder or a 1 Kb
Plus DNA Ladder (Invitrogen) was radiolabeled with T4 polynucleotide kinase and used as the molecular mass marker.
Steady-state kinetics
All reactions were carried out in a total volume of 10 l with 0. 15 were then heated for 10 min at 100 °C and products separated on either denaturing 15% polyacrylamide gels or a denaturing alkaline 1% agarose gel and subjected to phosphorimaging analysis. Labeled 1 Kb Plus DNA Ladder (Invitrogen) and 87-nt and 57-nt oligonucleotides were used as molecular mass markers.
Gene deletion in Haloferax volcanii
Gene deletion in H. volcanii was carried out using the pop-in/pop-out system. 31, 32 Cells were grown as described in 32 in liquid Hv-YPC or solid Hv-Ca media containing either uracil and tryptophan (50 µg/ml each) or 5-fluoroorotic acid (50 µg/ml) and uracil (10 µg/ml) with or without tryptophan (50 µg/ml). Around 500 bp of genomic regions upstream and downstream from the sequence to be deleted were amplified by PCR using oligonucleotides indicated in Figure 10 . Subsequently, a pAL5 BamHI fragment containing trpA marker was removed to make pCN32, which was used with pop-in/pop-out to eliminate the trpA marker from the genomic sequence of the ∆dnaG::trpA mutant, generating strain CN21 (∆pyrE2 ∆trpA dnaG).
Figure legends and visualized using a phosphorimager. 
